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The advance of VLSI technology requires heatsinks to take away the heat 
generated by ICs and keep the temperature below an acceptable limit. These metal 
heatsinks radiate and cause EMI problems when electromagnetic noises are coupled to 
them. Thus it is important to study the possible radiation of a VLSI heatsink and the 
effective methods to reduce the radiated emissions.  
This dissertation includes three chapters on estimating and mitigating VLSI 
heatsink radiation. In the first chapter, a closed-form expression is derived for 
determining the maximum possible radiated emissions from a heatsink over a printed 
circuit board or chassis plane as a function of the maximum voltage between the heatsink 
and plane. The relevant parameters are the dimensions of the heatsink. The closed-form 
expression is validated by comparing its results to full-wave simulation results. This 
analysis was done for rectangular heatsinks, but the results can be applied to other 
heatsink shapes. 
The second chapter discusses a method to damp the unintended radiated 
emissions from PCB-chassis (or heatsink-PCB) resonances with lossy posts mounted near 
the four corners of the rectangular cavity formed. A simple closed-form expression was 
derived for determining an optimal series resistance for damping these cavity resonances 
over a wide range of frequencies. A similar analysis could be done to determine the 
optimal resistance values for other cavity shapes and mounting post locations. For the 4-
post configuration, shorting one or more of the posts does not affect the optimum 
resistance value for the remaining posts.  
 iii 
The third chapter discusses the reduction of a tall heatsink radiation by using 
shorting posts that bypass some of the noise current to the PCB ground. At high 
frequencies, the size of a tall heatsink may be comparable to a quarter-wavelength and 
the heatsink/board geometry can be an efficient antenna. The effectiveness of shorting 
posts was examined for reducing heatsink radiation. The use of lossy components for 
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Advances in VLSI technology are producing faster and denser devices that often 
require large heatsinks to maintain allowable operating temperatures. These heatsinks are 
normally made of metal materials that can couple noise from the VLSI devices to the rest 
of the system.  
At low frequencies where the heatsinks are much smaller than the shortest 
wavelength of the coupled noise, the heatsinks do not radiate electromagnetic energy 
efficiently. Usually, the only way for electrically small heatsinks to radiate enough to 
cause a radiated emissions problem is by coupling to larger structures such as conductive 
enclosures [1] or cables attached to the system [2] [3]. However, as operating frequencies 
get higher, heatsink dimensions can become comparable to, or even greater than, the 
noise wavelength. At these frequencies, heatsinks can radiate very efficiently [4] [5] [6]. 
In some situations heatsinks can serve as intentional antennas that perform dual 
functions: dissipating heat and communicating electromagnetic waves [7] [8].  
In most cases, it is undesirable to have a heatsink geometry that radiates 
efficiently. Considerable research has been done on the influence that heatsink geometry 
can have on the radiated emissions from heatsinks [5] [9] [10] [11]. In earlier studies, the 
fin structure was removed and only a conductive metal block was modeled to simplify 
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simulations [4] [9]. More recently, the influence of the fins has been investigated, 
including fin length, height, spacing, orientation and number of fins [12] [13] [14]. 
Several researchers have also investigated the mitigation of the unintentional 
emissions from heatsinks. The most common methods include the application of shorting 
posts, which connect the heatsink body to a nearby PCB ground [4] [5] [9] [15]. This 
method can work well for reducing the heatsink radiation at low frequencies. At least one 
report also investigates the use of conducting gaskets to electrically “cage” the IC, and 
thus reduces the radiated EMI [16]. 
In order to effectively squelch the radiated emissions from VLSI heatsinks, it is 
necessary to understand the radiation mechanism behind these emissions. Factors 
affecting heatsink radiation could include the heatsink dimensions, the proximity of the 
heatsink to the PCB ground, and properties of the noise source. However, there hasn’t 
been a systematic study of how these factors affect the radiation from a VLSI heatsinks 
above a circuit board.  
Calculating the precise levels of radiated emissions from a heatsink in a complex 
system is neither possible nor desirable. Even if the precise nature of the VLSI 
components driving the heatsink could be determined, small variations in the heatsink 
geometry and its proximity to the board and other objects could have a profound 
influence on the radiated emissions at frequencies near resonance. In fact, at the 
frequencies of greatest interest (i.e. near resonance), the calculated field strengths would 
be the most susceptible to error. For this reason, engineers concerned with potential 
interference problems are usually not interested in determining the exact levels of 
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radiated emissions for a precisely defined geometry. Instead, it is much more useful to 
obtain an accurate estimate of the maximum radiated emissions that is independent of 
small variations in the geometry or the influence of nearby components. 
This report presents a method for estimating the maximum possible radiated 
emissions for a heatsink with given maximum dimensions driven by a known voltage 
relative to a printed circuit board. Although, the voltage between a heatsink and a printed 
circuit board is difficult to predict from pure simulations, it can be readily obtained by 
measurements of the VLSI component and is relatively independent of the specific circuit 
board or heatsink geometry used for these measurements. 
1.2 Model of a VLSI Heatsink 
Radiation from a heatsink can be viewed as having two components: a cavity 
radiation component that dominates in short heatsinks with a large cross-section; and a 
monopole component that dominates when the heatsink is relatively tall [12] [17]. This 
concept is illustrated in Fig. 1.1. The cavity is the space between the heatsink bottom and 
the PCB plane. Normally, the spacing (S) between the heatsink body and the PCB ground 
plane is much smaller than the length (L) and width (W) of the heatsink bottom surface, 
and is much shorter than a wavelength at the frequencies of interest. Thus the cavity can 
be modeled as a TMz-2D cavity. The electric field is constant in the vertical direction. 
The heatsink body can be modeled with good accuracy as a solid metal block if we are 
not interested in the small shifts in resonances caused by the fin structure [25]. When the 
heatsink is tall and thin above a relatively large PCB ground plane, it can be modeled as a 
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thick monopole, which radiates effectively when its height (H) approaches a quarter 
wavelength.  
 
Fig. 1.1. A heatsink modeled as a superposition of a thick monopole and a patch antenna. 
When the radiated emissions from a system with a heatsink are evaluated, an 
important part of that evaluation is the characterization of the source. VLSI devices and 
their coupling to heatsinks can be difficult to model precisely. Depending on the software 
and the state of the device at any given time, the energy available to couple at a given 
frequency can vary widely. Nevertheless, it is possible to measure the voltages coupled to 
a heatsink by an actual VLSI device, and these measurements are relatively independent 
of the heatsink geometry [25]. Therefore, in this report we start with an estimate or 
measurement of the maximum voltage between the heatsink and the plane and derive the 
maximum possible radiated emissions for that voltage. 
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1.3 Derivation of the Maximum Field to Voltage Ratio 
In this section a closed-form formula is derived to evaluate the maximum possible 
radiated emissions from a heatsink mounted above a printed circuit board (PCB), when 
the maximum voltage around the cavity perimeter is known. The necessary input 
parameters are the physical dimensions of the heatsink and its spacing above the PCB. 
The formula is derived in two parts: maximum radiation from the heatsink cavity and 
maximum radiation from the heatsink as a monopole.  
1.3.1 Patch Antenna Component 
At high frequencies (L or W > λ/2) the space between the heatsink and the PCB 
can behave like a cavity resonator. Other researchers have addressed the problem of 
calculating the maximum radiated emissions from a resonant 2D cavity [18] [19]. The 
maximum voltage along the cavity walls can be obtained from equations developed in 
[18] [19]  if the source is well defined. The length L and the width W must be extended to 
account for the edge effects. The extension is approximately that of the spacing [20] [21] 
at each end of the length or width. So, 
2   ;   2eff effL L S W W S    . (1) 
where Leff and Weff are the effective length and width of the cavity, respectively. 
For a 2D cavity formed by two identical plates, the maximum radiated E field is 
developed in [18] [19]. However, when the 2D cavity is formed by a plate (Leff ×Weff) 
over a relatively large electrically conductive ground, the reflected E field from this 
ground should be taken into account. For the purposes of estimating the maximum 
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emissions, the PCB plane can be modeled as an infinite PEC ground. Thus the maximum 









  , (2) 
where k is the free space wave number, η is the free space intrinsic impedance, Iin is the 
noise source current, and r is the observing distance. 
The voltage along the edges of the cavity is approximately constant for any given 
frequency below the 1st resonance, and can be derived from the cavity transfer 
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For a resonating cavity, the far-field radiated emissions from the TMmn (m≠0 & 
n≠0) are usually weaker than the nearby TMm0 (m≠0) or TM0n (n≠0) modes [22] [23] . 
Thus only the latter modes are considered in the ratio estimation. For frequencies above 
the 1st cavity resonance, the ratio can be obtained by calculating |E|max from the far-field 
formula and getting |V|max from the transfer impedance formula. For frequencies around 









  . (5) 







  . (6) 
To determine the connection point between the lower frequency expression (4), 
where the cavity is not yet resonating, and the higher frequency expression (5), the cavity 
transfer impedance formula is used. At the lower frequencies, the cavity can be modeled 
as a simple capacitor. By equating the lower frequency input impedance to that of the 
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For a normal cavity configuration without special structures that favor higher-
order TMm0 or TM0n modes, the maximum radiated emissions will not exceed the 
emissions occurring at the TM01 mode [22]. So for frequencies above this mode, the 
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    , (8) 
where k01=2π/2Weff is the free space wave number at the TM01 resonance. 
To take into account the possible wide bandwidth of the TM01 mode, the 
connection frequency is shifted lower by averaging the resonant frequencies of the TM01 
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mode and the highest TMm0 mode, which is no higher than the TM01 mode [22]. Thus this 
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where p is Leff/Weff rounded to the nearest integer. 
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1.3.2 Monopole Antenna Component 
The heatsink body can be modeled as a thick monopole when the heatsink is taller 
than it is wide. The radiated emissions from a monopole are well known. The expression 
for the maximum radiated field from a monopole at its first resonance is [23]  







   , (11) 
where Io is the source current of the monopole antenna. 
|E|max in (11) is derived from the first resonance of the monopole. For frequencies 
higher than the first resonance, an ideal monopole’s maximum radiated field can be 
higher than it is at the first resonance. However, this equation works seems to work well 
9 
 
even at high frequencies for realistic heatsink dimensions. Thus (11) is used to represent 
the maximum emissions due to monopole radiation at all frequencies. 
The maximum voltage at the monopole input at resonance is Vmax=Io×Rres, where 
Rres is the resonant input resistance of the monopole. Thus the ratio of the maximum 
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    . (12) 
At frequencies lower than the first monopole resonance, the input impedance is 
mostly capacitive and thus approximately inversely proportional to frequency. So the 
feed voltage to this thick monopole is also inversely proportional to frequency if the feed 
current is constant. At the same time, the maximum radiated field is proportional to 
frequency for a short (shorter than a quarter wavelength) monopole with a constant feed 
current [23]. Thus the ratio of |E|max to |V|max is approximately proportional to the square 









 . (13) 
where f1st is the first resonant frequency of the thick monopole, and f is no higher than f1st.  
The first monopole resonance occurs when the heatsink is approximately one 
quarter-wavelength tall. Expressions for the input impedance of a monopole at resonance 
are available in the literature (e.g. [23]) and simulations by the authors [25]  indicate that 
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the minimum input resistance of an antenna radiating like a monopole at resonance is 
approximately 30 - 40 ohms regardless of the specific dimensions of the antenna. Setting 
Rres to 36 ohms in (13) provides an equation for the maximum possible radiated 
emissions (at frequencies up to the first resonance) from a heatsink radiating like a 
monopole at a given distance and for a given input voltage.  
The first resonant frequency of a monopole occurs when its height approaches a 
quarter wavelength. However, for a thick monopole where the dimensions of the end face 
are not negligible, the first resonant frequency is shifted lower. The additional distance 
that current flows across the end surfaces can be viewed as increasing the effective length 
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where co is the speed of light in free space. This approximation was verified with full-
wave simulations in [25]. 
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1.3.3 Maximum Emissions Estimate 
When combining the maximum electric field contributions of the cavity and the 
heatsink body, (10) and (15) are separately calculated and then added.  
max max max
max max maxsinHeat k PATCH Monopole
E E E
V V V
   (16) 
The added results over-estimate the radiated emissions in most cases. However, 
the over-estimation is minimal when both components are significant and coincident.  
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1.4 Model Validation 
To validate the closed-form expression (17), several heatsink configurations were 
evaluated using a full-wave field solver [24] and the results were compared to (17). An 
initial heatsink with size (L = 90 mm, W = 64 mm, S = 6 mm, and H = 38 mm) [15] was 
evaluated. Then its height was varied from 0 mm to 600 mm. At very small heights, the 
heatsink resembled a patch antenna. When the height was much larger than L and W, the 
heatsink looked more like a monopole antenna.  
Multiple sources were used in one heatsink configuration to demonstrate that (17) 
applies regardless of the number of independent sources driving the heatsink. For each 
configuration evaluated, the full-wave simulation results and the ratios obtained from 




Fig. 1.2. Field-to-voltage ratio for a 90 mm x 64 mm x 0 mm heatsink 6 mm above a 
plane. 
Fig. 1.2 shows both the maximum emissions estimate and the actual emissions 
obtained from a full-wave [24] simulation of a heatsink with negligible height driven by 
an ideal current source located close to the center. Since the zero-height heatsink is 
essentially a patch antenna, it is not surprising that the actual emission peaks come very 
close to the maximum emissions estimate at several frequencies. 
When the heatsink height increases to 5 mm and 38 mm (Figs. 1.3 and 1.4, 
respectively), both the estimation and the full-wave results increase, though these 
heatsinks are still relatively short compared to their cross-sections. In these cases, the 
overestimation is larger. This larger difference comes from the direct adding of the 
maximum radiation from both components, whose direction of maximum radiation 
occurs at different spatial positions and/or different frequencies.  







































Fig. 1.4. Field-to-voltage ratio for a 90 mm x 64 mm x 38 mm heatsink 6 mm above a 
plane. 
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Fig. 1.5. Field-to-voltage ratio for a 90 mm x 64 mm x 76 mm heatsink 6 mm above a 
plane. 
As the height is further increased to 76 mm (Fig. 1.5), the first resonance of the 
monopole shows up. This resonance occurs at about 550 MHz in Fig. 1.5, while the 
calculated resonance from (14) is 515 MHz. 
As the heatsink height continues to increase to 150 mm and 600 mm (Figs. 1.6 
and 1.7, respectively), the height becomes larger than the other dimensions and the 
resonances of the monopole component show up at frequencies much lower than the first 
cavity resonance. The actual emission levels are close to the estimate at these resonance 
peaks. 


























Ratio of Heatsink (L=90mm, W=64mm, S=6mm) varying H
 
 





Fig. 1.6. Field-to-voltage ratio for a 90 mm x 64 mm x 150 mm heatsink 6 mm above a 
plane. 
 
Fig. 1.7. Field-to-voltage ratio for a 90 mm x 64 mm x 600 mm heatsink 6 mm above a 
plane. 
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Fig. 1.8. Field-to-voltage ratio for a 90 mm x 64 mm x 38 mm heatsink 6 mm above a 
plane driven by sources at various locations. 
The previous simulation results used only one excitation source. In real situations, 
multiple sources could exist and independently drive the heatsink. To evaluate this 
possibility, multiple independent sources were used to drive one of the heatsink 
configurations and the results are compared to (17) in Fig. 1.8. For multiple independent 
sources, even for up to 30 sources distributed around the cavity edges, the estimate 
provides a good envelope.  
In addition to the results shown here, the authors have evaluated heatsink 
geometries of different sizes and cross-sections and have yet to observe radiated 





A maximum emissions estimate for heatsink-PCB configurations has been 
derived by viewing the radiation source as being a combination of resonant-monopole 
and resonant-patch antennas. The estimate relates the maximum possible radiated 
emissions to the maximum voltage observed between the heatsink and the circuit board. 
Maximum emissions estimates like this can be used to determine whether a particular 
source-antenna structure might possibly cause a radiated emissions problem. The only 
parameters required for this estimate are the dimensions of the heatsink and the 
maximum applied voltage. This expression has been shown to be effective for various 
heatsink dimensions, including the extreme cases of a short, fat heatsink (a patch) and a 
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CALCULATION OF OPTIMAL GROUND POST RESISTANCE FOR REDUCING 
EMISSIONS FROM CHASSIS-MOUNTED PRINTED CIRCUIT BOARDS 
 
2.1. Introduction 
Printed Circuit Boards (PCBs) are often mounted in close proximity to a metal 
chassis using metal or plastic posts as illustrated in Fig. 2.1. At high frequencies, the 
cavity formed between the PCB and the chassis can resonate resulting in elevated levels 
of radiated emissions [1]. Whether the posts are conductors or insulators, cavity 
resonances occur, though at different frequencies. At frequencies near these resonances, 
small amounts of energy coupled from the PCB to the cavity can result in significant 
unintended emissions. 
To illustrate this effect, the radiated emissions from a 200-mm by 140-mm PCB 
with a 20-MHz clock circuit was measured in free space and mounted 10 mm above a 
copper chassis. The board was powered by a 3.3-V battery attached to one side as shown 
in Fig. 2.2. When the board was mounted to the chassis with plastic posts, an air cavity 
was formed between the board’s ground plane and the chassis with a TM10 resonance at 
around 640 MHz (accounting for edge effects). The plot of the radiated emissions in Fig. 
2.3 shows that the presence of the cavity increases emissions by more than 12 dB at 
frequencies near the cavity resonance. Therefore, it is generally a good idea to ensure that 




Fig. 2.1. Illustration of a PCB mounted over a chassis with 4 posts. 
Some methods have previously been investigated to reduce PCB-chassis cavity 
resonant emissions. Using large numbers of grounded mounting posts can suppress the 
lower frequency resonances [2]. However, this consumes more PCB area and adds cost. 
Connecting lossy components to the conducting posts is another method [3], but there is 
not an established formula to determine how much the post resistance should be in 
different situations. Also, arbitrarily adding loss to ground posts can result in higher 
radiated emissions by increasing the voltage drop between the chassis and objects 
connected to the board such as cables and heatsinks. 
 
 
Fig. 2.2. A PCB with an oscillator circuit driven using batteries. 
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In this paper, a closed form expression is derived to calculate the optimum ground 
post resistance value for minimizing emissions from rectangular PCB-chassis cavities. 
The derived expression accounts for the PCB dimensions, the height of the cavity and the 
post locations. It is shown that one resistance value can provide effective damping of 
cavity resonances over a wide frequency range. The expression for the optimum 
resistance is derived from equations for the quality factors of the “open modes” and the 
“shorted modes”, which are proportional and inversely proportional to the post resistance, 
respectively. The expression is validated using full-wave simulations of PCB-chassis 
cavities.  
 
Fig. 2.3. Measured air cavity resonance effects with a chassis mounted below the PCB. 
2.2. Calculation of optimum series resistance 
When the spacing between the mounted PCB and the chassis is much shorter than 
a wavelength at the frequency of interest, the electric field inside the cavity can be 
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considered constant along the vertical direction, and the cavity can be modeled as a 2-D 
TM cavity with two perfectly electrically conducting (PEC) surfaces corresponding to the 
ground of the PCB and the chassis. When the mounting posts do not connect the top and 
bottom surfaces of the cavity, the four open sides can be modeled with four perfectly 
magnetically conducting (PMC) walls [4][5]. In this paper, the resonant modes in cavities 
where the posts do not connect the top and bottom surfaces are referred to as open modes.  
All of the open-mode resonances are squelched when metal mounting posts short 
the PCB ground to the chassis ground at the corners of the board. However, this 
configuration enables another set of resonant modes referred to here as shorted modes. 
The shorted modes are identical to the modes that exist in a rectangular cavity with 6 
PEC walls, with the addition of TMx0 and TM0y modes. Shorting the top and bottom of 
the cavity everywhere along the walls eliminates the TMx0 and TM0y modes; but shorting 
only at the corners enables them. 
When the posts are very near the corners, the resonant frequencies associated with 
the open modes are nearly the same as the resonant frequencies associated with the 
shorted modes. The field distributions within the cavity however are very different, with 
the peaks and nulls of the electric field distribution interchanged. 
Fig. 2.4 shows plots of the electric field distribution for several open modes and 
shorted modes in a rectangular 2D cavity as viewed from the top. The horizontal 
direction represents L and the vertical direction W. The gray scale indicates the 
normalized amplitude of the electric field, where brighter indicates higher values and 
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Fig. 2.4. Electric field distributions for several open and shorted modes in a 2D cavity. 
When the posts connect the ground plane to the chassis through a resistance, both 
open modes and shorted modes can exist, but they will be damped to some extent. For 
any resonant mode, the quality factor associated with the resonance can be calculated as 
the ratio of the maximum stored energy to the energy dissipated per cycle.  
Defining the origin (x=0, y=0) to be at the corner of the board, when the posts are 
open, the electric field of the TMmn mode at location (x, y) inside the cavity can be 
represented as [6], 
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where L, W, and h are the length, width, and height of the cavity, respectively; and V is 
the maximum voltage between the ground plane and the chassis. The stored energy 
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where ε is the permittivity of the medium filling the cavity, and χi = 1 when i = 0 and ½ 
otherwise. Ω denotes the volume of the cavity. 
Often, the posts are placed symmetrically at the four corners of the PCB at an 
equal distance, d, from the nearest edges. When a post is loaded with a resistance, R, the 
average power dissipated at this post is, 
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When the posts are shorted, the electric field of the TMmn mode at location (x, y) 
inside the cavity can be represented using, 
 0; 0
2 2











 . (5) 
In this case, the origin (x=0, y=0) has been defined to be at the location of a corner 
post. For these modes, only the fields contained within the volume defined by the 4 posts 
is considered. As long as the posts are near the corners, the energy in the electric field 
outside this volume can be neglected. The stored energy, using the same integration 
method used in (2), is then  
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Fig. 2.5. Charge distribution and oscillating charge paths of one “shorted mode”. 
The calculation of the power dissipated in any post resistance is achieved by 
finding the current flowing through that post. During each duty cycle the charge on the 
PEC plates oscillates and some of that charge flows through the connecting posts. Fig. 
2.5 shows the charge distribution of one particular shorted mode. Every half cycle, 
positive and negative charges trade positions. Away from the posts charge flows 
horizontally back and forth. Near the posts, positive and negative charge on the top and 
bottom plates exchange positions causing current to flow vertically through the posts. 
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Fig. 2.6. Relation between quality factor and post resistance for both types of modes. 
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It is found from the derivations that the quality factors of the “open modes” are 
proportional to R and those of the “shorted modes” are inversely proportional to R, as 
illustrated in Fig. 2.6. In order to have both types of modes optimally suppressed, both 
quality factors should be minimized simultaneously. This implies the quality factors 
should be equal. Thus from (4) and (10), the optimum R is calculated as,   
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where η is the intrinsic impedance of the medium filling the cavity. 
In the electric field distribution formula (5), m and n must be nonzero; otherwise a 
null field is derived. However, since the posts only short the field at the corners and not 
along the entire side of the cavity, TMm0 and TM0n modes are also possible. For TMm0 
modes, the electric field at location (x, y) inside the cavity can be represented as, 
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and the stored energy is 
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By forcing the quality factor equal to that of the “open mode”, the optimum R is 












 . (16) 
Similarly, the optimum R for TM0n modes is,  












 . (17) 
Now, the optimum series resistance for all possible modes can be calculated using 
formulas (11), (16), and (17). 
It is important to note that although the optimum value of R depends on the 
specific mode being suppressed, there is not much deviation in the optimum value from 
one mode to the next. Typically, the optimum value for any mode is within 10% – 20% 
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of the average optimum value for all modes. 
Generally, for a 2D TMz rectangular cavity, the modes that radiate the most are 
the TM10 and the TM01 modes. An optimum R that effectively suppresses these two 
modes should also work reasonably well for the other modes. Thus a simple formula is 
suggested to calculate the optimum resistance based on the average of the optimum 
values for the TM10 and TM01 modes, 
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2.3. Application examples 
To validate the model, 2 PCB-chassis configurations were evaluated using full-
wave simulation software [7]. In the full-wave simulations, various values of series 
resistance R were connected to the four posts and the maximum electric field was 
obtained as a function of frequency from 10 MHz to 2 GHz. The value of R that resulted 
in the lowest radiated emissions over the entire frequency range was compared to the 
optimum resistance calculated using (18).  
The first PCB-chassis configuration was 200 mm x 140 mm with a height, h = 
10 mm. The posts were symmetrically located at the four corners and were 10 mm away 
from each of the corner’s two edges. The cavity was excited by an ideal current source of 
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1-amp at one of two possible locations: the board center or the middle of the cavity’s 
shorter edge. 
Fig. 2.7 shows the optimum R for each mode below 2 GHz calculated using (11), 
(16) and (17). The optimum overall resistance calculated using (18) is about 50 ohms for 
this configuration, which is denoted with the solid blue line. 
 
Fig. 2.7. Optimum R for each possible mode in the first configuration. 
Figs. 2.8 and 2.9 show the maximum radiated electric field of the cavity as 
determined by full-wave simulations. For each source configuration, at each frequency, 
seven simulations were run with various post resistances ranging from infinite resistance 
(open) to zero resistance (shorted) including the optimum resistance calculated using 
(18). The maximum radiated electric field was selected from all directions for any 
frequency. The seven results are shown in the same figure to demonstrate the 




Fig. 2.8. Maximum E-field 3 meters from the first configuration with various post 
resistance values and a 1-amp current source located at the center of the cavity. 
 
Fig. 2.9. Maximum E-field 3 meters from the first configuration with various post 





For either the open or short case, sharp peaks are seen at the structure resonances. 
With a finite resistance in series with the posts, these peaks are suppressed. On average, 
over the frequency range evaluated, the resistance calculated using (18) optimally 
suppresses the resonances. Notice that in Fig. 2.9, the peaks of the shorted modes (R=0) 
can be observed at lower frequencies than the corresponding open modes. This is due to 
the fact that there is a small amount inductance associated with the shorting posts and the 
voltage is not exactly zero at the post locations. 
A second, narrower PCB-chassis structure was also evaluated. This cavity was 
300 mm x 100 mm with a height, h = 5 mm. The posts were symmetrically located at the 
four corners 10 mm away from each of the corner’s two edges. An ideal current source of 
1-amp was located at the middle of the cavity’s shorter edge. 
Fig. 2.10 shows the optimum values of R for all possible modes below 2 GHz 
calculated using (11), (16) and (17). The optimum resistance calculated using (18) is 
approximately 30 ohms, which is denoted with the solid green line. 
 
Fig. 2.10. Optimum R for each possible mode in the second configuration. 
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Radiated emissions from the cavity were calculated with 7 possible post 
resistance values. The results in Fig. 2.11 show that the 30-ohm post resistance was the 
most effective over the whole frequency range. 
 
Fig. 2.11. Maximum E-field 3 meters from the second configuration with various post 
resistance values. 
2.4. Discussion 
The previous sections demonstrated that (18) works well for calculating the 
optimum damping resistance when all four posts are loaded. However, there are many 
situations where it is important to short one or more of the chassis mounting posts to the 
PCB ground plane. A specific example of this is when objects connected to the PCB 
(such as cables) must be referenced to the chassis ground. Since the derivation of Ropt for 
each post was independent of the other post resistances, shorting one or more posts does 
not affect the optimum resistance of the remaining posts. To illustrate this, Figs. 2.12, 
2.13 and 2.14 show the maximum radiated emissions from the first configuration with 1, 
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2 and 3 posts shorted; respectively. 
 
Fig. 2.12. Maximum E-field 3 meters from the first configuration with one post shorted 
and various resistance values in the other three. 
 
Fig. 2.13. Maximum E-field 3 meters from the first configuration with two posts shorted 




Fig. 2.14. Maximum E-field 3 meters from the first configuration with three posts shorted 
and various resistance values in the remaining one. 
In each case, the optimum resistance is still 50 ohms. It should be noted however, 
that the overall emissions are higher when fewer resistive posts are used. This result is 
expected because fewer resistive posts mean that less power is dissipated relative to the 
stored energy for each resonant mode, resulting in a higher quality factor. 
2.5. Conclusions 
When a printed circuit board is mounted to a metal chassis, the cavity formed 
between the circuit board ground and the chassis can resonate at certain frequencies 
resulting in unintended radiated emissions. The cavity resonances can be effectively 
suppressed by using conductive mounting posts and adding a resistance in series with the 
connection between one or more of these mounting posts and the PCB ground plane.  
This paper derives a simple closed-form expression for determining an optimal 
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series resistance for damping these cavity resonances over a wide range of frequencies. 
This analysis was done for rectangular boards mounted on 4 posts located near the 
corners. A similar analysis could be done to determine the optimal resistance values for 
other board shapes and mounting post locations. For the 4-post configuration, shorting 
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Since the introduction of very large scale integration (VLSI), the integration 
density and the operating frequency of integrated circuits have been increasing steadily. 
The huge number of semiconductor gates switching every second can draw significant 
amounts of current, which inevitably generates a lot of heat. Heatsinks are often used to 
carry this energy away and maintain an acceptable IC temperature. Heatsinks are 
generally made of copper, aluminum, and other metals that have high thermal 
conductivities; however, these metals also have high electrical conductivities. As IC 
operating frequencies increase, heatsinks are more likely to form resonant antennas with 
the power and ground planes on PCBs. This phenomenon is commonly observed in 
current VLSI applications [1] [9].  
VLSI heatsinks can be modeled as a superposition of a patch antenna and a fat 
monopole [3]. When the heatsink height is small relative to its length and width, it 
radiates like a patch antenna. When the heatsink height is much larger than its length and 
width, it looks more like a monopole antenna [3] [4]. Different methods have been 
investigated to reduce the radiation from heatsinks [5] [16]. The damping of relatively 
short heatsinks is similar to the damping of chassis mounted circuits boards, which has 
been investigated in an earlier study [7].  
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One method to reduce the radiation from tall heatsinks is to use shorting posts that 
connect the heatsink body to the PCB ground [1] [9] [5] [5] [9] [10]. There can be one or 
more shorting posts and the locations of these posts can be anywhere around the heatsink. 
A general design guideline is that more posts work better [5]. However, design and cost 
constraints, limit the number of posts, thus it is important to understand how post 
positions and impedance affect the radiated emissions.  
3.2 Calculation of Heatsink Driving Voltage 
Fig. 3.1 shows an illustration of a tall heatsink mounted above an IC and its 
corresponding antenna model. Normally the PCB ground plane length and width are 
much larger than the heatsink cross section, and the heatsink can be modeled as a 
monopole or patch antenna [3]. A heatsink with a height much larger than its length and 
width can be modeled as a fat monopole antenna driven by the voltage coupled from the 
VLSI component. The radiation from fat monopole antennas has been well studied. Once 
the driving voltage is known, the radiated emissions can be readily obtained. 
 
Fig. 3.1. A tall heatsink mounted on an IC above a PCB and its simplified model. 
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When conducting posts are mounted between the heatsink and the PCB ground, 
the voltage between the heatsink and the ground plane will be influenced by the size and 
location of the posts. Some of the source current will flow to the PCB ground through the 
posts and the rest will flow to the heatsink resulting in radiated emissions. The 
distribution of the noise current is shown in Fig. 3.2. To investigate how the posts reduce 
the heatsink radiation, it is necessary to determine the driving voltage of the heatsink, VH. 
 
Fig. 3.2. Current distribution through the heatsink body and the mounted shorting posts. 
At high frequencies, VH is primarily due to the mutual inductance between the 
loop formed by the source current and the shorting posts and the “loop” formed by the 
monopole radiation. It is tempting to calculate the self inductance of the loop formed by 
the posts, the source, and the top and bottom plates of the cavity; then to multiply the 
impedance associated with this inductance by the current to get VH. However, this 
approach is not correct. To illustrate this point, suppose the number of posts mounted 
along the edge of the patch is increased until the conducting posts form a “cage” around 
the enclosed noise source as shown in Fig. 3.3. In the limit as the number of posts 
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approaches infinity, no current flows from the noise source to the external faces of the 
heatsink and consequently the heatsink does not radiate. The horizontal cross-section of 
the cavity now looks like a rectangular coaxial cable with the source as the inner 
conductor and the posts as the outer conductor. The inductance of this coaxial geometry 
is not zero; yet the voltage driving the monopole approaches zero. 
 
Fig. 3.3. Numerous posts that confine the field inside the cavity. 
VH is determined by the net magnetic flux that wraps the posts externally. 
Therefore, the mutual inductance between the source-post (inner) loop and the heatsink-
post (outer) loop is the quantity of interest. Because the heatsink and circuit board 
geometries are very wide relative to the posts, little magnetic flux wraps these portions of 
the loop. The total mutual inductance is therefore determined by the partial mutual 
inductances [12] between the source and the ground posts. Suppose there are two shorting 
posts and one noise source in the cavity as shown in Fig. 3.4. The net magnetic flux is 
determined by the partial mutual inductances between the source and the two ground 




Fig. 3.4. Self and partial mutual inductance associated with one post (Post_1). 
The magnetic flux wrapping Post_1 externally is indicated by the shadowed area 
in Fig. 3.4. This flux is due to the current in Post_1 plus contributions from the currents 
in the source and Post_2. The voltage drop, VH, can be determined by summing the 
contributions that each of these current segments makes to the total external magnetic 
flux.  
For short posts between wide planes where all dimensions are short relative to a 
wavelength and displacement current can be neglected, the magnetic field intensity 








.  (1) 
This is a reasonable approximation for the magnetic field between the heatsink 
and the PCB due to posts that are not too close to the edge of the heatsink. An expression 
for the magnetic field intensity in the shadowed region of Fig. 3.4 is more complicated, 
but can be represented as function of the distance from the outer post, r, 
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 H I f r  .  (2) 
where f(r) approaches zero as r approaches infinity at a rate exceeding 1/r. The partial 
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where L1s is the mutual partial inductance between Post_1 and the source, L11 is the self 
partial inductance of Post_1, and L12 is the mutual partial inductance between Post_1 and 
Post_2. The width of the heatsink is W, the distance from the source to the posts is s, and 
the posts have a radius a and a height h.  
The first terms in the integrals in Eqs. (3a - c) can be obtained by integrating (1) 
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where Lo is the integral with f(r), and terms with prime are the integrated ones. Summing 
the contributions from the partial and mutual inductances associated with Post_1, the 
voltage that drives the heatsink is given by 
1 11 2 12 1H s sV I L I L I L     .  (5) 
where Is, I1, and I2 are the current flowing in the source, Post_1, and Post_2, respectively. 
For symmetric configurations like the one in Fig. 3.4, the current flowing through 
each post is equal. For post impedances much smaller than the monopole radiation 
impedance, which is generally 36 Ω or greater, the total current flowing through all the 
posts is approximately equal to the source current. So, for this post configuration, we 
make the following approximation, I1 = I2 = Is/2. Therefore we can rewrite (5) in terms of 
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In general, for a heatsink with n symmetrically located posts, the voltage driving 
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Substituting the integrated terms in (4a) – (4c) for the corresponding terms in (6), 
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Similarly the general case in (7) can be re-written as 
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where si is the distance between Post_1 and Post_i.  
The reduction in radiated emissions is equal to the reduction in VH, 
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3.3 Validation of the Calculation Method 
To validate the calculations in the previous section, PCB-heatsink geometries 
were simulated using full-wave electromagnetic modeling software [16]. The simulation 
results were then compared to results obtained using Eq. (10). In the first example, the 
heatsink dimensions are LH = 45 mm, W = 45 mm, and H = 140 mm. The spacing 
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between the heatsink and the PCB is 3 mm. A current source is located at the center of 
the cavity, with posts at the middle of the edges as shown in Fig. 3.5. 
 
Fig. 3.5. Source and post locations viewed from the top of the heatsink cavity. 
Five post combinations were evaluated with 1, 2, 3 or 4 posts. For the 2-post case, 
two possible locations were evaluated: two posts in the middle of opposite sides (180
o
) or 
in the middle of adjacent sides (90
o
). As a reference, the heatsink without any posts was 
also simulated. For each simulation, the magnitude of the maximum radiated electric field 
3 meters away was obtained for frequencies up to 5 GHz as shown in Fig. 3.6. 
In the full-wave simulations, the posts are simulated using a flat PEC ribbon 
instead of a round wire for convenience. The ribbon height is 3 mm and the width is 2 
mm. For the purposes of the calculation in (8), the ribbon is equivalent to a circular 





Fig. 3.6. Full-wave simulation results: maximum electric field vs. frequency. 
In Fig. 3.6, the brown line represents the maximum radiated field from the 
heatsink without any posts. The peak at about 500 MHz is due to a resonance of the 
heatsink body. The heatsink height is much larger than its length and width. Thus it 
resonates like a monopole at low frequencies. The resonant frequency is approximately 
   
300 300 300
500 MHz
4 / 0.96 4 0.14 0.003 / 0.96
f
H h
   
 
 , (11) 
where H is the height of the heatsink, and the factor 0.96 is applied to take into account 
the thickness of the monopole [11]. 
With shorting posts, the radiated field at frequencies at or below the first 
monopole resonance is decreased. As more posts are added, the radiated fields are 





configuration results in better reduction than the 90
o
 case. This is due to the lower partial 
mutual inductance in the 180
o
 configuration. 
For each post configuration, the radiation reduction at the first monopole 
resonance was also calculated using the partial inductance method, Eqs. (1) - (10). The 
calculated reduction from the full-wave simulation and the partial inductance calculation 
are listed in Table 1. Note that the 2-90
o
 configuration and the 3-post configuration are 
not symmetric and therefore violate one of assumptions made when deriving (10). 
Nevertheless, for all 5 of the post configurations, the difference between the full-wave 
calculations and results obtained using Eqs. (1) – (10) are less than 2 dB.  
The radiated emissions with 2 posts on opposite sides of the heatsink are about 10 
dB lower than the emissions with 1 post. If the reduction were simply a function of post 
impedance (self partial inductance), one might expect the reduction to be 6 dB (a factor 
of 2). This emphasizes the importance of evaluating the partial mutual inductances of the 
shorting post configuration, and placing the posts in positions that maximize the 
cancelling of magnetic flux outside the PCB-heatsink cavity. 
Table 1. Radiation reduction for different post configurations 
Configuration of Posts Full-wave (dB) Partial L (dB) 
1 12.1 13.6 
2 – 90° 19.9 21.6 
2 - 180° 22.7 22.7 
3 26.9 27.2  
4 33.1 31.6 
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3.4 LC Resonance Damping 
In the previous section, it was shown that shorting posts can help to reduce tall 
heatsink radiation at frequencies up to and including the first monopole resonance. 
However, (in Fig. 3.6) LC resonances occurring at frequencies higher than the first 
monopole resonance resulted in increased radiation at those frequencies. The L in these 
resonances comes from the inductance associated with the posts and C from the top and 
bottom surfaces of the 2D cavity. At resonance, peaks occur in the voltage, VH, which 
drives the monopole. Adding more posts reduces the inductance and causes the LC 
resonance to occur at higher frequencies.  
It is often desirable to damp these LC resonances, while maintaining the low-
frequency radiation reductions. One method of damping is to introduce lossy components 
in series within the shorting posts. These lossy components reduce the resonance quality 
factor. With a resistor mounted in series with the post’s connection to the ground plane, 
the equivalent circuit for the LC resonance is replaced with C parallel to R+jωL. The 




  .  (12) 
To validate the effectiveness of a lossy component in series with the shorting 
posts, a heatsink of the same size as that used in Fig. 3.5 with two posts (180
o
 
configuration) was analyzed. In this case the posts were wider, equivalent to a radius of 
1.25 mm, than those used in Fig. 3.5 and seven simulations were done with variable 
resistance in the posts. In each case, the resistors in the two posts had the same value. The 
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maximum radiated electric field at 3 meters obtained from these simulations is plotted in 
Fig. 3.7. 
 
Fig. 3.7. Effect of damping the LC resonance with different resistances in series with the 
shorting posts. 
As shown in Fig. 3.7, the LC resonance peaks are reduced by adding resistance in 
series with the two posts. The higher the resistance value, the more the peak is damped. 
At low frequencies, where the impedance of the posts is dominated by the resistance, the 
radiation increases. There is a trade-off between the squelching of the low frequency 
radiation and the damping of the LC resonance. It is apparent from Fig. 3.7 that as the 
resistance of the posts increases above a certain value, the LC resonance is well damped 
and cannot be reduced further.  
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Forcing the RLC circuit to be critically damped (Q = 0.5), an optimal value of R 
is obtained. For the heatsink in this example, the effective inductance associated with the 
posts is 0.53 nH and the patch capacitance is 7.7 pF. Thus the optimal R is approximately 
16 Ω. In Fig. 3.7, this value falls between the 10-Ω and 37-Ω simulations, where the LC 
resonance appears to be well damped. A lower resistance does not damp the LC 
resonance enough, while a higher value sacrifices the low frequency radiation reduction.  
The reduction in field strength at the first heatsink resonance for various post 
resistances is shown in Table 2.  
Table 2. Radiation reduction at first heatsink resonance 
Series R in post (Ω) Full-wave (dB) Partial L (dB) 
37 4.5 6.5 
10 11.6 13.2 
5 16.5 17.7 
0 27.7 26.5 
It is also worth noting that the squelching effect is about 5 dB better for the 
shorting posts (0 Ω resistance) in Table 2 than the 0 Ω post configuration in Table 1. The 
only difference between the two models is wider posts. Wider posts have lower partial 
inductances and work better to reduce the low frequency radiation. 
In these simulations, loss associated with the source was neglected. It is also 
important to note that the LC resonances occurred at frequencies that may be above the 
highest frequency of concern in a given application. For these reasons, it may not always 
be necessary or desirable to damp LC resonances with a series resistance. In some 
situations it may be optimal to add resistance to some, but not all shorting posts. This 




In this report, the use of shorting posts to reduce heatsink radiation was examined. 
The effectiveness of shorting posts can be analyzed using the concepts of partial 
inductance and partial mutual inductance, with Eqs. (1) – (10). Using the partial 
inductance calculations described in this report, the effectiveness of shorting posts can be 
predicted; therefore this technique can be used to optimize the design and placement of 
these posts. The method was validated using full-wave electromagnetic models of 
heatsinks over ground planes. The full-wave and partial inductance models calculate 
reductions in the amplitude of the first monopole resonance that are within 2 dB of each 
other for all 5 post configurations. 
The report also describes a procedure for damping the LC resonance caused by 
shorting posts. Adding resistance in series with the posts reduces the quality factor of the 
equivalent circuit. By forcing the RLC circuit to be critically damped, an optimal R can 
be calculated using Eq. (12), where L can be obtained with Eqs. (1) – (10) and C is 
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